Abstract -The presence of piscivorous fish has a significant effect on the structure of fish assemblages. Exotic, piscivorous largemouth bass (Micropterus salmoides) have been introduced to a number of Japanese farm ponds that were originally characterized by a high level of biodiversity. We evaluated the effects of exotic bass on the structure of the fish assemblage following their introduction into the farm ponds. We collected fish and measured environmental conditions in 14 ponds of northeastern Japan. The species richness of pond-dwelling fish assemblages was negatively correlated with the relative abundance of exotic bass. In addition, the relative abundance of lentic cyprinid species (e.g., Rhodeus ocellatus ocellatus, Pseudorasbora parva and Carassius sp.) was negatively correlated with the relative abundance of exotic bass. The abundance of these species was also influenced by environmental factors, including transparency and/or coverage of aquatic vegetation, likely related to their influence on the predatory efficiency of exotic bass. Our results suggest that the structure of fish assemblages in farm ponds with exotic piscivorous fish was influenced by both biotic (i.e., predation) and abiotic factors and that some environmental factors mediate the effects of exotic bass on fish species richness and composition.
Introduction
The problem of introduced organisms is one of the major factors causing a loss of biodiversity in aquatic ecosystems (Moyle and Light 1996; Rahel 2002) . In freshwater systems, the introduction of invasive predatory fish has a serious impact on aquatic communities and alters ecosystem processes (Kaufman 1992; Jackson et al. 2001; Maezono et al. 2005) . The impact of predators affects several trophic levels via direct and indirect effects (Strong 1992; Polis and Strong 1996) . The largemouth bass (Micropterus salmoides) is a piscivorous fish (Centrarchidae) from North America that has been introduced to more than 50 countries (Welcomme 1992) and has the potential to dramatically change the food-web structure of freshwater systems (Keast and Webb 1966; Jackson et al. 2001; Jackson 2002) . The species was introduced to Japan in 1925 for the purpose of sport fishing and aquaculture (Kaneko and Wakabayashi 1998) , and had spread across many Japanese lakes and ponds by 2000 (Yodo and Iguchi 2004) . Although a Corresponding author: tsunoda@gifu-u.ac.jp largemouth bass broadly affect several trophic levels and alter food-web structures in freshwater systems (Maezono et al. 2005) , their predatory impacts on prey assemblages are of significant concern in Japan. A number of studies have reported a degradation of species richness of local fish fauna and extinction of local fish populations in Japanese lakes and ponds following invasions of largemouth bass (Azuma and Motomura 1998; Maezono and Miyashita 2003; Abekura et al. 2004; Sugiyama and Jinguji 2005; Tsunoda et al. 2010) .
The structuring of fish assemblages is shaped by both biotic and abiotic factors, and predation by piscivores is one of the major influencing factors (Tonn et al. 1990; Jackson et al. 2001) . Some previous studies have reported that smallbodied species, such as small cyprinids, mosquitofish (Gambusia affinis), or stickleback (Culaea inconstans) do not cooccur with piscivorous fish (Tonn and Magnuson 1982; Rahel 1984; Tonn et al. 1990; Godinho and Ferreira 1998; MacRae and Jackson 2001) and are eliminated from systems following their introduction (Chapleau et al. 1997; Nowlin et al. 2006) . On the other hand, environmental factors such as dissolved oxygen and vegetation coverage are also associated Article published by EDP Sciences 164 H. Tsunoda and Y. Mitsuo: Aquat. Living Resour. 25, 163-171 (2012) with the structuring of fish assemblages including piscivorous species (Tonn and Magnuson 1982; Rahel 1984) . These factors affect predatory performance and the efficiency of piscivorous species, and alter prey-predator interaction. For example, increasing habitat structural complexity with aquatic macrophytes, rocks, or coarse woody materials decreases predatory effectiveness by providing refuge for prey Stein 1982, 1989; Gotceitas and Colgan 1989; Persson and Eklöv 1995; Warfe and Bramuta 2004; Sass et al. 2006) . Thus, the structuring of fish assemblages including piscivorous species could be associated with both prey-predator interaction and its related environmental factors. Although these patterns may extend to native fish assemblages with exotic predators, they have not been well-documented in the case of exotic bass in Japanese freshwater systems.
In Japan, although farm ponds are generally artificial habitats for agricultural irrigation, they contain a variety of freshwater organisms (e.g. Kadono 1998; Mitsuo et al. 2010) and are required for the maintenance of aquatic biodiversity in agricultural landscapes. Largemouth bass have been introduced to and established in small farm ponds, and the predatory impact of this species is likely to be exacerbated in these habitats compared with large lakes. For example, in small ponds, fish species richness decreases dramatically with few or no native species remaining after the invasion of bass (Maezono and Miyashita 2003; Yonekura et al. 2004; Sugimura and Jinguji 2005; Tsunoda et al. 2010) .
The objectives of the present study were to determine the gradient in effects of exotic largemouth bass on the structuring of pond-dwelling fish assemblages and its influencing factors. We hypothesized that fish species richness and composition vary among ponds with exotic bass, because the predatory efficiency of this species is mediated by the unique environmental characteristics of the ponds. We surveyed fish assemblages and environmental factors among several ponds within an agricultural irrigation system and analyzed the relationships between them.
Materials and methods

Study area
The farm ponds (N = 14) were located on an alluvial fan in upper Kitakami River basin of Iwate prefecture, northeastern Japan (141
• 01 -06 E, 39
• 04 -07 N; Fig. 1 ). The Kitakami River is the fourth largest river in Japan (total length: 249 km, total basin area: 10 150 km 2 ) and flows into the Pacific Ocean through Iwate and Miyagi prefecture. The river basin is covered with forests (78%), paddy (14%) and dry fields (5%), and settlements and urban areas (3%). Farm ponds are mainly found in agricultural areas. The mean surface area and maximum depth of the studied ponds were 13 500 m 2 (range: 1 400-50 500) and 1.9 m (range: 0.8-5.9), respectively. All ponds had an inflow channel that was connected to a stream. Each of the ponds was originally constructed for the purpose of irrigation for rice farming and a barrier (i.e. irrigation plant) was installed downstream of all ponds, interrupting the immigration of fish from the downstream direction. Largemouth bass were the only piscivorous fish at these sites (Mitsuo et al. , 2011 .
Although largemouth bass were introduced to Iwate Prefecture after the 1990s (Yodo and Iguchi 2004) , the exact time of their introduction to the ponds is unknown. There were no fisheries or aquaculture, with the exception of private recreational fishing at the study sites.
Field surveys
We surveyed the fish fauna in each of 14 ponds in June, August and October of 2009, but not during winter when the pond surfaces were frozen. Two cast nets (9.5 mm and 27.5 mm meshes), two dip nets (1 mm mesh) and three minnow traps (60 mm diameter entrance) were used for sampling fish populations. We used fishing bait (Marukyu Co., Ltd., Saitama, Japan) to compensate for the short saturation time of the minnow trap. The sampling times were dependent on the pond size (range: 30-120 min). Fish were collected throughout the pond (i.e., at different depths and open/vegetated locations) to account for the range of microhabitats within the ponds. We used a boat to capture fish at offshore sites. The collected fish were kept alive during sampling, and species were identified and the number of individuals in each species was counted in situ. Although two species of the genus Carassius (C. cuvieri and C. auratus langsdorfii) appeared in the samples, they were treated as Carassius sp. because of the difficulty in identifying the juveniles in situ. All individuals excluding largemouth bass were released back into the same ponds.
We also surveyed and measured the following physical and chemical environmental factors of the ponds: surface area (m 2 ), mean water depth (m), dissolved oxygen (DO, mg L −1 ), electrical conductivity (EC, µS cm −1 ), pH, transparency (cm), coverage of emergent and floating aquatic plants (%), coverage of the pond shore by a concrete bank (%), distance to the main channel (m), and size of the inflow channel (cm). Using a field device (PS-7FL, Honda Electronics Inc., Tokyo, Japan) and a boat, we calculated the mean depth from measurements taken at ten locations equally spaced within the pond. DO, EC, pH and transparency were measured by field devices (DO: DO-5 509, Fuso Inc., Tokyo, Japan; EC: B-173 and pH: B-212, Horiba Inc., Tokyo, Japan) and a turbidity tube (AT-3: Hoga Inc., Kyoto, Japan), respectively. Coverage of the pond surface by emergent and floating aquatic plants and coverage of the pond shore by a concrete bank were measured by sight and recorded on a map (1:3 000). In the laboratory, we measured area of vegetation coverage and distance of concrete-covered shore using planimeter (KP-92N, Edenki Inc., Kyoto, Japan) and scale respectively, and then calculated percentage. Size of the inflow channel was directly measured in the field. The surface area and distance to the main channel (the shortest distance from each pond to a channel with a width >1.5 m) were measured using a map (1:25 000).
Statistical analysis
To determine the effect of exotic largemouth bass on the species composition of pond-dwelling fish assemblages, we used non-metric multidimensional scaling (NMDS, BrayCurtis distance) using the relative abundance of fish species. In addition, to determine factors influencing fish species richness and relative abundance, we used Spearman's rank correlation.
Before the analysis, we used a principal components analysis (i.e. PCA) to summarize variance in the environmental factors. The number of fish species occurring, relative abundances of fish species and PCA scores for environmental variables were used for the analysis. For the analyses of relative abundance, since the three species (Hypomesus nipponensis, Cobitis biwae and Pseudobagrus tokiensis) occurred in one or two studied ponds, we used variables of common species (occurring in >40% of the studied ponds, see Table 2 ).
For NMDS, we used R ver. 2.10.1 (R Development Core Team 2009) and the "metaMDS" function in the vegan package (Oksanen et al. 2008) . The analyses excluding NMDS were conducted using Excel Statistics ver. 2008 (ESRI Inc., Tokyo, Japan).
Results
Effects of predominance of exotic bass on species composition of fish assemblages
A total of 11 species including largemouth bass were observed in the study ponds (Table 2 ). Mean ± SD of species richness (excluding bass) and relative abundance of largemouth bass among the ponds were 4.9 ± 2.3 (range: 1-9 species) and 37.4 ± 28.2% (range: 0.6-95%) of collected fish (Table 3) , respectively.
The NMDS on relative abundance of fish species yielded a two axis optimal solution with a final stress value of 12.1, which is within the range (10.0−20.0) commonly observed in community data. In the ordination plot, five of ten species (Rhodeus ocellatus ocellatus, Pseudorasbora parva, Carassius sp., H. nipponense and P. tokiensis) were separated from largemouth bass by NMDS axis 1 (Fig. 2a) . The ordination plot also showed that ponds less-predominated by largemouth bass (G−N; see Table 3 ) were separated by NMDS axis 1 and mainly plotted on the second and third quadrants (Fig. 2b) .
Factor influencing fish species richness and relative abundance
The first three axes of the PCA explained 70.94% of the variance in environmental factors. PC1 explained 34.03%, and was positively related to mean depth (PC score: 0.89), DO (PC score: 0.78) and size of the inflow channel (PC score: 0.71; Table 1 ). PC2 explained 24.01%, and was negatively related to transparency (PC score: −0.74). PC3 explained 16.50% and was positively related to coverage of floating (PC score: 0.94) and emergent plants (PC score: 0.74) ( Table 1) .
Fish species richness had a highly significant negative correlation with the relative abundance of exotic bass (rs = −0.893, p < 0.0001; Fig. 3 ). Moreover, species richness positively correlated with environmental PC2 scores (rs = 0.637, p < 0.05) and negatively correlated with environmental PC3 scores (rs = −0.579, p < 0.05; Fig. 3 ). There was a weak positive correlation between species richness and environmental PC1 scores (rs = 0.200, n.s.; Fig. 3 ).
The relative abundance of exotic bass negatively correlated with environmental PC2 scores (rs = −0.604, p < 0.05), whereas there were no significantly correlation with environmental PC1 (rs = −0.182, n.s.) and PC3 scores (rs = 0.354, n.s.). The relative abundances of six out of seven common species negatively correlated with the relative abundance of exotic bass (Table 4) , and three of them, R. ocellatus ocellatus, P. parva and Carassius sp., were statistically significant negative correlations (rs = −0.840, p < 0.001; rs = −0.791, p < 0.001; and rs = −0.571, p < 0.05, respectively; Table 4 ). Environmental PC2 scores positively correlated with relative abundances of both P. parva (rs = 0.613, p < 0.05) and Carassius sp. (rs = 0.633, p < 0.05). Moreover, environmental PC1 and PC3 scores positively correlated with the relative abundance of Zacco platypus (rs = 0.613, p < 0.05) and negatively correlated with the relative abundance of P. parva (rs = −0.620, p < 0.05).
Discussion
Effects of exotic largemouth bass on species richness and composition
The present study showed that a predominance of exotic largemouth bass was the main factor decreasing species richness and altering the species composition of pond-dwelling fish assemblages. Some previous studies reported that the presence or predominance of piscivorous fish is a critical factor in the structuring of fish assemblages (Tonn et al. 1990; Whittier and Kincaid 1999; Jackson et al. 2001; Bertolo and Magnan 2006) . In the case of largemouth bass, previous studies in small pond systems (<10 000 m 2 ) of Japan showed that no or few species survived after bass invasion (Maezono and Miyashita 2003; Yonekura et al. 2004; Sugimura and Jinguji 2005; Tsunoda et al. 2010 ). In addition, Jackson et al. (2001) identified that the coexistence of small cyprinids and centrarchidae piscivores (i.e. the bass) was observed only in large lakes exceeding 1.5-2.0 km 2 of surface area. In the present study, however, the number of fish species occurring in ponds less-predominated by exotic bass (pond G−N) was nearly as high as that in bass-absent ponds in the region (see Mitsuo et al. 2010, 2011 and  Table 3 ). MacRae and Jackson (2001) also reported that species richness of fish assemblages with and without smallmouth bass (M. dolomieu) did not significantly differ, while species composition and abundance distinctly differed between them. Tonn and Magnuson (1982) , and Rahel (1984) reported that fish fauna in northern Wisconsin small lakes were classified into two types, piscivore-predominant (centrarchids and/or Esox) or other species-predominant (Umbra-cyprinid or UmbraPerca). In the present study, the assemblages in the ponds of G−N (i.e. less-predominated by exotic bass) were mainly predominated by small-sized species such as Rhinogobius sp., P. parva or R. ocellatus ocellatus, which are vulnerable prey for bass across Japanese lakes and ponds (e.g. Yodo and Kimura 1998; Kuge et al. 2004; Tsunoda et al. 2009 ).
Multiple effects of exotic largemouth bass and environmental factors on fish assemblages
While exotic bass affected fish assemblages in the studied ponds, it was likely that the magnitude of effects varied among the ponds and species in the present study. Previous studies showed that the structuring of fish assemblages including piscivorous species is also influenced by physical and/or chemical environmental factors (Tonn and Magnuson 1982; Rahel 1984) , and that they can alter predatory efficiency and change the outcome of prey-predator interactions . The results of the present study indicated that the species richness of pond-dwelling fish assemblages was negatively related to both transparency (negative factor on PC2) and vegetation coverage (positive factor on PC3; see Table 1 , Figs. 3 and 4) . On the other hand, the relative abundance of exotic bass was positively related to transparency (Fig. 4) but showed weak-correlation with vegetation coverage. Transparency is related to underwater visibility because light intensity declines with increasing water turbidity (Brönmark and Hansson 2005) . Since largemouth bass are visual predators (Howick and O'Brien 1983) , their predatory efficiency decreases with increasing water turbidity (Reid et al. 1999; Shoup and Wahl 2009 ). On the other hand, aquatic vegetation cover generally benefits many fishes by providing habitat heterogeneity (Eadie and Keast 1984) , breeding and feeding sites (Werner et al. 1978 (Werner et al. , 1983 , and refuge to avoid predation (Gotceitas and Colgan 1989; Persson and Eklöv 1995; Warfe and Barmuta 2004) . However, for the interaction of prey and largemouth bass, only dense aquatic vegetation cover functions as a refuge Stein 1982, 1989; Gotceitas and Colgan 1989) . In the study ponds, because floating-leaved plant species (Trapa japonica and Nymphaea tetragona) were found and were more predominant in the pond surface than emergent vegetation (see Table 1 ), the floating vegetation cover might have less structural complexity to provide refuge for prey. In addition, some previous studies reported that piscivorous fish habituated under floating vegetation covers more frequently than submersed beds or opened habitats (e.g. Meerhoff et al. 2003; Teixeira-de Mello et al. 2009 ). Because largemouth bass switch to a more efficient ambushing strategy in structured habitats (e.g. sparse vegetation coverage) (Anderson 1984; Savino and Stein 1989) , floating vegetation cover might be beneficial for exotic bass as foraging sites. Although Maezono and Miyashita (2003) identified that bluegill (Lepomis macrochirus) tend to reduce the impact of bass, and that some small-bodied cyprinids (e.g., P. parva or R. ocellatus ocellatus) and bass do co-occur in Japanese small pond systems, bluegill or related centrarchids had never lived in the study ponds. Thus, effects of both exotic largemouth bass and some environmental factors influencing their predatory efficiency influenced the structuring of fish assemblages in the studied ponds.
In addition to predation by piscivorous species, a number of abiotic factors influence the structure of fish assemblages (reviewed in Jackson et al. 2001) . In small pond systems, connectivity to other water bodies (for maintaining fish migration) is a critical factor for the structuring of fish assemblages, because the local extinction rate seems to be relatively high as a result of stressful conditions (e.g. drying up or anoxia) and small population sizes in those systems (Uchida and Inoue 2010; Mitsuo et al. 2011) . In fact, connectivity (i.e. presence/absence of inflow channel and size of inflow channel) was the critical factor for maintaining species richness of pond-dwelling fish assemblages without bass in our study area (Mitsuo et al. 2011) . In the present study, however, there was no relationship between species richness and environmental PC1 scores, which included size of the inflow channel as a positive factor. Given that different factors influenced fish species richness between ponds with and without bass, our findings suggest that the invasion of exotic bass is the main critical factor altering the structuring of fish assemblages in small pond systems.
Gradients in the effects of exotic largemouth bass on the relative abundance of fishes
The present study showed that the effects of exotic largemouth bass and environmental factors on relative abundance distinctly differed among species. Relative abundances of three cyprinid species, R. ocellatus ocellatus, P. parva and Carassius sp., were significantly affected by the predominance of bass. Moreover, relative abundances of P. parva and Carassius sp. significantly correlated with environmental PC2 and/or PC3 scores, indicating that they were negatively related to transparency and vegetation coverage. All of the three species are common small-bodied lentic-nekton cyprinids (Miyadi et al. 1976) , and seemed to be vulnerable to predation by bass. Some previous studies reported that those species dramatically decreased or were eliminated from lakes and ponds invaded by bass (Maezono and Miyashita 2003; Sugimura and Jinguji 2005; Tsunoda et al. 2010) . On the other hand, the relative abundances of the remaining four species did not significantly correlate with that of exotic bass. While the reasons for these results could not be clarified, the ecological traits and/or body size of those species might influence their vulnerability to bass predation. For example, adult Cyprinus carpio are too large for bass to predate. It was also reported that two demersal species, M. anguillicaudatus and Rhinogobius sp., often co-occurred or coexisted with exotic bass in Japanese lakes and ponds (Sugiyama and Jinguji 2005; Tsunoda et al. 2009 Tsunoda et al. , 2010 . Only the relative abundance of Z. platypus positively correlated with environmental PC1 scores. In the present study, mean depth, DO and size of inflow channel were all positive factors on environmental PC1 (see Table 1 ). Z. platypus is very sensitive and intolerant to hypoxia (Yamamoto and Hirano 1988) . In addition, although our study period excluded winter, the species mainly distributed deeper water of lentic system during winter (Miyadi et al. 1976) . Thus, it is likely that relative abundance of Z. platypus was mainly associated with environmental conditions and not affected by predominance of exotic bass.
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Conclusion
The present study shows that exotic largemouth bass have a critical influence on fish assemblages in small pond systems. However, this is mediated by some environmental factors that affect the predatory efficiency of bass (for example, lower transparency). Our findings indicate that the impact of invasive piscivores could be buffered by improvements in or alteration of these environmental characteristics; e.g. water turbidity is increased by removal of aquatic macrophytes or introduction/propagation of plaktivorous and benthivorous fishes (Meijer et al. 1990; Perrow et al. 1997; Lougheed et al. 1998; Scheffer et al. 1998 ). However, we believe that the cooccurrence of exotic bass and native fishes within small pond systems is likely to be transient and changeable according to changes in the pond environments. Thus, countermeasures such as removal or population control of exotic bass would be needed for conserving and maintaining native fish populations. We showed that the effects of exotic bass were most serious for small-bodied lentic cyprinids in small pond systems. Because farm ponds in the agricultural irrigation system are important habitats for lentic cyprinid species, including threatened ones (e.g. some species of Acheilognathus; Mitsuo et al. 2010) , the removal of the predatory impacts of exotic bass is necessary for the conservation of fish species biodiversity in agricultural landscapes.
